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Abstract

In bacteria, ribosomal hibernation shuts down translation as a
response to stress, through reversible binding of stress-induced
proteins to ribosomes. This process typically involves the formation
of 100S ribosome dimers. Here, we present the structures of hiber-
nating ribosomes from human pathogen Staphylococcus aureus
containing a long variant of the hibernation-promoting factor
(SaHPF) that we solved using cryo-electron microscopy. Our recon-
structions reveal that the N-terminal domain (NTD) of SaHPF binds
to the 30S subunit as observed for shorter variants of HPF in other
species. The C-terminal domain (CTD) of SaHPF protrudes out of
each ribosome in order to mediate dimerization. Using NMR, we
characterized the interactions at the CTD-dimer interface.
Secondary interactions are provided by helix 26 of the 16S riboso-
mal RNA. We also show that ribosomes in the 100S particle adopt
both rotated and unrotated conformations. Overall, our work illus-
trates a specific mode of ribosome dimerization by long HPF, a
finding that may help improve the selectivity of antimicrobials.
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Introduction

Survival under unfavorable conditions is one of the key factors of a
successful bacterial infection. Considering the variety of stresses
bacteria may be exposed to during their life cycle, bacterial respon-
siveness should be timely and effective and require little energy. In
that sense, hibernation of the translation machinery appears as
beneficial, since protein synthesis is the most energy-consuming
cellular process (Russell & Cook, 1995; Szaflarski & Nierhaus,
2007).

The hibernation of ribosomes is prompted by the binding of
small stress-induced proteins to 70S ribosomes, which frequently
triggers their association into 100S ribosome dimers (“disomes”;
see Yoshida & Wada, 2014 for a recent review). These hibernation
agents vary according to species or bacterial strain (Ueta et al,
2013). For example, Escherichia coli possesses a hibernation-
promoting factor (EcHPF) and a ribosome modulation factor
(EcCRMF) that act in concert (Ueta et al, 2005, 2008), while
S. aureus comprises instead a single but longer variant of the HPF
protein (SaHPF; Ueta et al, 2010, 2013; Tagami et al, 2012). The
C-terminal end in SaHPF (CTD) is only marginally similar to RMF
(Ueta et al, 2010), but nonetheless conserved across bacteria (Ueta
et al, 2013). The expression patterns of these factors differ
between bacteria, as for example, ECHPF and EcCRMF are expressed
during the transition to the stationary phase, while SaHPF is
expressed during every growth phase (Ueta et al, 2010). These
species-specific characteristics account for differential responses to
stress conditions. For instance, dimerization increases long-term
viability and stress tolerance during the stationary phase in E. coli
(Yoshida & Wada, 2014), while in Bacillus subtilis, it facilitates
rapid regrowth of cells upon stress removal (Akanuma et al,
2016). In S. aureus, SaHPF prevents ribosome degradation and
interferes with translation initiation (Basu & Yap, 2016).
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As their variations in structure, expression pattern, and functional
role suggest, hibernation factors promote dimerization in different
ways. In E. coli, dimerization occurs in two steps: 90S dimers are
formed upon binding of EcCRMF to the anti-Shine-Dalgarno (SD)
region of an mRNA-free ribosome, before they are converted to 100S
dimers upon binding of EcHPF (Ueta et al, 2005, 2008) to tRNA bind-
ing sites (Polikanov et al, 2012). In S. aureus, dimerization mediated
by the longer SaHPF does not go through a 90S stage (Ueta et al,
2010). In addition, the stability of 100S dimers is proportional to the
length of HPF (Ueta et al, 2013), which further emphasizes the
importance of comparatively analyzing dimerization in bacteria
(Khusainov et al, 2016a).

At the molecular level, dimers of E. coli ribosomes analyzed by
cryo-electron microscopy (cryo-EM) and tomography at resolutions
> 30 A were shown to be mediated by ribosome-ribosome contacts,
which involve ribosomal proteins uS2, uS9, uS10, and helix 39 of
the 16S rRNA (Kato et al, 2010; Ortiz et al, 2010). As no intermolec-
ular interactions were observed between hibernation factors, the
role in particular of the C-terminal extension in longer HPF (as in
SaHPF) remained unclear. Structural information available regard-
ing hibernation factors consisted of NMR and X-ray crystal struc-
tures that revealed similar folds for the N-terminal domain (NTD),
and a similar binding mode to the 30S subunit (Vila-Sanjurjo et al,
2004; Sato et al, 2009; Polikanov et al, 2012). One structure for the
CTD assigned as ribosome-associated protein Y from Clostridium
acetobutylicum was found in the Protein Data Bank (PDB ID 3KAS).

Here, we obtained the structure at near-atomic resolution (3.7 A)
of hibernating SaHPF-bound ribosomes from S. aureus by cryo-elec-
tron microscopy. The structures show that the NTD is bound to the
decoding center, while the CTD protrudes out of each ribosome
through the E site. The structures of full dimers of hibernating ribo-
somes solved at 9-11 A revealed the direct involvement of the
SaHPF-CTD in dimerization, as we also observed in our NMR struc-
ture of an isolated SaHPF-CTD. Moreover, h26 makes additional
contacts between ribosomes, thereby supporting its implication in
translation regulation. Furthermore, dimers accommodate any
combination of unrotated or rotated states of the ribosome, suggest-
ing an efficient mechanism for stalling and resuming translation in a
timely manner. Overall, our work paves the way for deciphering the
diverse nature of stress response across bacteria, which opens up
new avenues for developing drugs with increased selectivity and
potency.

Results
In vitro reconstitution of 100S dimers

Ribosome dimers from S. aureus were reconstituted in vitro from
purified 70S ribosomes. First, high-salt washed vacant 70S ribo-
somes were purified by sucrose-density gradient centrifugation
(Fig 1A). We then purified His-tagged SaHPF expressed in E. coli by
affinity chromatography (using Ni sepharose) followed by size-
exclusion chromatography. Two peaks were eluted that both
contained SaHPF in dimeric form as revealed by native polyacry-
lamide gel electrophoresis (native PAGE; Fig EV1A-C). SaHPF from
the second peak contained a higher absorbance at 260 nm and was
more efficient at promoting ribosome dimerization (Fig EVIA-E).
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The best production of 100S ribosomes was achieved using a pool
of fractions containing the highest absorbance at 260 nm (with a 2:1
ratio for A,0/Azs0; Fig EV1A, F and G).

These dimers were then subjected to two sequential sucrose-
density gradient centrifugations, leading to a homogeneous popula-
tion of disomes (Fig 1B). By dialyzing this dimer solution from 50 to
500 mM KCl, and back to 60 mM, followed by ultracentrifugation
analysis, we showed that disome association is reversible (Fig 1C).
We also tested disome stability by subjecting an aliquot of pure
100S to one freeze-thaw cycle (from —80°C to 4°C), followed by
analytical ultracentrifugation. The resulting profiles indicated that
> 90% of 100S dimers remained formed after one freeze-thaw cycle,
although we observed minor aggregated contaminants (Fig 1D).
Together, these findings indicate that we could reconstitute stable
100S dimers of S. aureus ribosomes in vitro from independently
expressed ribosomes and SaHPF.

Strategy for visualizing hibernating ribosomes at
different resolutions

Cryo-EM images revealed a mixture of monomers and dimers
(Fig 2A), with some dimers less rigid than others. In order to simul-
taneously get a near-atomic resolution of hibernating ribosomes and
an overall view of their dimeric architecture, we processed the same
set of cryo-EM images in two different ways. First, we chose a large
box in order to only pick and classify ribosome dimers (Fig 2A, red
ovals). At that stage, we generated 2D reconstructions for the flex-
ible disomes that comprised one well-resolved and one blurred ribo-
some (Figs 2B and EV2). After processing, we retrieved two
categories of dimers, “tight” and “loose” (Fig EV2). Within the tight
dimer, both 70S were better resolved than in the loose dimer
(Figs EV2 and EV3B). Within each tight or loose category, we
counted three types of dimers, comprising either only unrotated
ribosomes, only rotated ribosomes, or a combination of both
(Figs EV2 and EV3, and Table 1). Cryo-EM density maps for the
tight and loose dimers were further refined to resolutions of 11 and
9 .7\, respectively (at FSC = 0.143; Figs 2C, EV2 and EV3A-C). In
each dimer, the contact region was observed as a continuous
density coming from around the platform and the body of the 30S
particle. While we identified only one contact region in the loose
dimer, two were found in the tight dimer.

In the second processing strategy, we treated each 70S ribosome
on our grid equally, without considering whether it was within a
dimer or present as a monomer (Fig 2A, blue circles). We thereby
left the box dimensions large enough to include a part of the neigh-
boring ribosome, in order to locate the contact regions within
dimers. Three-dimensional particle classification led to an equal
partition of unrotated and rotated ribosomes, which all had SaHPF
bound (Fig EV2). Following this procedure, we obtained a high-
resolution structure of the hibernating 70S ribosome in the context
of 1008 disomes (3.7 A at FSC = 0.143; Figs EV2 and EV3, Table 1).

Further, in order to interpret the 11 A resolution structure of 100S
in greater details, we fitted each 3.7 A hibernating 70S ribosome into
the structure of the tight disome, using the densities of the body of
the small subunit (SSU) and of the neighboring 70S (Fig 2D, gray) as
a reference for the alignment. This structure is the one we analyze
and discuss in the following sections, as its level of detail enables a
thorough investigation of the ribosome dimerization mode.

© 2017 The Authors
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Figure 1. Purification and characterization of 100S ribosome dimers.
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A Sedimentation profile performed to separate 70S ribosomes from 100S particles present in the cell.
B Sedimentation profiles were carried out sequentially in order to separate 100S from 70S particles. SaHPF was added to fractions containing 70S particles (intercept
on panel A). Fractions containing 100S dimers (intercept on left panel) were further purified on a similar gradient (right panel). Fractions 4 and 5 were used to assess

stability and to perform cryo-EM analysis.

C 100S dimers are stable at low ionic strength. Sucrose gradient performed under similar conditions to that shown in panel (B).
D 100S dimers do not suffer from freezing. The sedimentation profiles from analytical ultracentrifugation experiments are shown for a sample that was either kept at

4°C prior to analysis (left), or frozen at —80°C and thawed at 4°C (right).

Structure of SaHPF bound to the ribosome

SaHPF comprises an N-terminal domain (NTD; residues 1-95) and a
C-terminal domain (CTD; residues 130-190), connected by a linker
of 35 amino acids. SaHPF-NTD was modeled by homology with the
E. coli hibernation factors HPF and YfiA (Rak et al, 2002; Polikanov
et al, 2015). SaHPF-NTD therefore adopts a similar f1-a1-p2-B3-p4-
o2 arrangement, as it is wedged between the head and the body of
the SSU (Figs 3A and B, and EV4A-D). Its B sheet interacts with 16S
rRNA on the head (stacking interactions between Glu5/His7 and
A975, and between Arg66 and G976), while conserved positively
charged residues belonging to the o helices (Lys27, Arg30, Lys84,
Arg90, Arg95) stabilize the interaction with 16S rRNA from the body

© 2017 The Authors

(Fig EV4A and B). This observation rationalizes previous biochemi-
cal analysis that highlighted the essential role of these amino acids
in binding to the ribosome in order to promote dimerization (Basu &
Yap, 2016). Noteworthy, the interactions between SaHPF-NTD and
the body are lost upon subunit rotation, suggesting that the most
stable contacts to the ribosome are those made with the head
(Fig EV4A and B).

The last 60 amino acids that make the CTD were first modeled as
adopting a Pl-a-B2-B3-P4 structure, based on sequence similarity
with the Lmo2511/Y protein (see Materials and Methods). In order
to provide experimental support to this model, we analyzed the
isolated CTD in solution using NMR. First, interproton distances
were derived from 2D 'H-'H NOESY for protein in 100%D,0, 3D

The EMBO Journal Vol 36 | No 14 | 2017
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Figure 2. Two strategies for processing cryo-EM density maps of Staphylococcus aureus ribosome dimers.
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Representative electron micrograph showing the distribution of 100S particles. Map refinement was carried out at either low resolution using a dimer as a reference
(red oval), or at high resolution using a monomer as the search model (blue circles).

Representative close-ups of “tight” and “loose” dimers.

Structure of the 100S dimer at 11 A resolution (yellow, SSU; blue, LSU).

Map processing using a monomer as the reference structure leads to a resolution comparable to that of the vacant 70S (Khusainov et al, 2016b). The gray density off
from the SSU indicates the site of interaction between two monomers.

Duplication followed by rotation of the SaHPF-bound monomer solved at high resolution leads to an in silico reconstituted dimer.

5N edited NOESY-HSQC and 3D '3C edited NOESY-HSQC. The intra- average root-mean-square deviations calculated from these struc-
monomer NOEs were obtained from isotope filtering Be/BN - tures were 2.0 A for backbone atoms, and 2.6 A for heavy atoms
12C /1N edited NOESY-HSQC. Data processing led to 100 structures, (see Table EV1 for complete statistics). In these structures, SaHPF-
of which we compared the 10 with the lowest energy (Fig 3C). The CTD adopts a B1-0-f2-B3-p4 topology, so that the a-helix comprises
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Table 1. Data collection, refinement, and validation statistics.

Data collection

Microscope Titan Krios S-FEG
Camera CMOS (Falcon 11)
Voltage (kV) 300
Magnification 59,000%

Pixel size (A.px™1) 11

Defocus range (um) (—4.5) - (—0.6)
Total dose (/A% 60

Dose per frame ~35

Refinement

(tight; loose) dimer/(unrotated;
rotated) monomer

Number of particles (total)

132,000/348,000

Number of particles
(used for 3D reconstruction)

17,500; 17,300/83,000; 80,000

Resolution (A; at FSC = 0.143)

11.0; 9.0/3.7; 3.7

CC (model to map fit?)

nd,; n.d./0.73; 0.74

Model composition

(unrotated; rotated) monomer

Non-hydrogen atoms

141,613; 141,636

Residues

10,090; 10,093

RMS deviations

Bonds (A) 0.01; 0.01
Angles (°) 1.08;1.2
Chirality (°) 0.05; 0.08
Planarity (°) 0.005; 0.007

Validation®

Clashscore®

6.48 (89" p.); 7.82 (82" p)

Proteins

MolProbity score

2.06 (72" p.); 216 (67" p)

Favored rotamers

4,502 (96.22%); 4,400 (94.00%)

Ramachandran favored

4,449 (82.28%); 4,343 (80.28%)

Ramachandran allowed

923 (17.26%); 1,040 (19.22%)

Ramachandran outliers

25 (0.46%); 25 (0.5%)

RNA

Correct sugar puckers

99.78%; 99.42%

Correct backbone conformations

79.23%; 75.41%

Bad bonds

0/109,772; 0/109,772

Bad angles

5/171,185; 8/171,185

FSC, Fourier shell correlation; CC, correlation coefficient; RMS, root-mean-square.
2Only across atoms in the model; compiled using Phenix (Afonine et al, 2013).

®Compiled using MolProbity (Chen et al, 2010); p, percentile.

‘Clashscore is the number of serious steric overlaps (> 0.4 A) per 1,000 atoms.

residues 146-156, and the B-sheet is composed of f2 (residues 160—
164), B3 (171-175), and P4 (182-187) from one molecule, and B1
(133-135) from the other one. Hydrophobic residues Phel60,
Vall62, Thr164, Thr171, lle173, Tyrl75 are likely to play a key role
in forming the dimer structure. In the end, the three-dimensional
structure of SaHPF-CTD solved by NMR was used for the interpreta-
tion of the density maps of the ribosomes.

© 2017 The Authors
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100S formation is mediated by CTD interactions

Within the globular and symmetric dimer observed by NMR (Fig 3C),
we observed that the average T1/T2 relaxation ratio for '*N-labeled
protein from 'H-'>N HSQC spectra was ~2-fold larger than that
expected for a monomeric form (Fig EV5A and B). We further carried
out isotope filtering NMR experiments (**C/"°N — '>C/"N edited
NOESY-HSQC) with a 1:1 mixture of labeled and non-labeled proteins
that enabled us to observe the following 36 intermonomer NOEs (total
number of distance constraints = 1,326; Figs 3C and EV5B): (i)
between the y-methyl and 6-methyl groups of Ile173; (ii) between the
aromatic ring of Phel60 and the 3-methyl group of Ile173; (iii) between
the aromatic ring of Phe160 and the B-methylene group of Tyr175; and
(iv) between the aromatic rings of Phel60 that interacts via n-stacking
(Fig 3D). Together, these observations indicated that SaHPF-CTD
exists as a homodimer in solution, even in the absence of the rest of
the SaHPF protein and of the ribosomes. Overall, this NMR analysis
supported the interpretation that the interaction between the CTDs
induces the formation of 100S dimers.

We fitted the NMR structure of the CTD dimer into the extra density
we observed close to the tRNA exit in all disome structures that we
obtained after processing (Figs 2 and 3). The SaHPF-CTD does not
directly interact with the ribosome, as it protrudes instead next to ribo-
somal protein uS2. The path of the ~35 amino acids that connect the
NTD to the CTD is not visible, indicating these residues are flexible
even in the dimeric state. Additional contacts are observed between
helix 26 of the two ribosomes at the interface of the “tight” dimer.
However, since the h26-h26 contacts are absent in the “loose” dimers,
they are probably secondary in providing dimer stability. Therefore,
we conclude that the interactions involving the CTDs are the primary
driver for dimerization of ribosomes during hibernation.

100S dimers accommodate both unrotated and rotated
conformations of 70S ribosomes

As mentioned above, unrotated and rotated 70S ribosomes were
evenly distributed among our reconstructions at the highest resolu-
tion (Fig EV2). In this particular case of dimer formation occurring
via the small subunit (SSU)—and not involving the large subunit
(LSU)—we consider the rotation of the LSU with respect to the SSU,
and not vice versa as more conventionally accepted (Fig 4A). The
rotated state within a dimer provokes a shift of atom coordinates by
as much as ~35 A at the level of the central protuberance
(the smaller shifts were found near the peptide tunnel exit; Fig 4B).
The comparison between the unrotated 70S in its vacant state
(Khusainov et al, 2016b) and SaHPF-bound states (this work)
revealed that the binding of SaHPF principally induced conforma-
tional changes in flexible ribosomal elements in the LSU, such as
the L1 stalk, the L7/L12 stalk, and helix H69 (Appendix Fig S1).

The average amplitude of the movements of the SSU during rota-
tion is smaller (~10 A), with the largest rearrangements occurring in
the head and at h44 in close proximity to the decoding center
(Fig 4C). In response to the central protuberance movements of the
LSU, the head of the SSU buckles away toward the solvent-exposed
side (Fig 4C). These concerted conformational changes between the
two subunits are controlled by a variant of ribosomal protein bL31
that comprises a 15-amino acid extension (“B” type) in place of
Zn**-coordinating cysteines (“A” type; Fig 4D; Khusainov et al,

The EMBO Journal Vol 36 | No 14 | 2017
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Figure 3. Ribosome dimerization occurs via interaction of the C-terminal domain of SaHPF, and via interactions involving h26.

A View of the density maps for unrotated ribosome-bound SaHPF, emphasizing the dimer interface (magenta, SaHPF; orange, h26; LSU omitted for clarity; orientations
as in Fig 2). The density for CTD (interface) derives from the same but Gaussian-filtered (2.0 SD) high-resolution map.

B Side chains of amino acids from the N-terminal domain of SaHPF are visible in the density map (left; unfiltered map). Helix 26 stabilizes dimer formation in the
“tight” dimer (center; unfiltered map).

C SaHPF-CTD forms a dimer in solution. *N,"H-HSQC spectrum of the C-terminal domain of SaHPF showing backbone amide resonances (left). The spectrum was
recorded at a proton resonance frequency of 700 MHz at 35°C, in PBS buffer (90% H,0 + 10% D,0) at pH 7.6 with 200 mM NH,CI concentration. Backbone
superimposition of the 10 final simulated annealing structures in two orientations (right).

D

interactions at the interface of the two CTDs are shown as sticks. The region of potential interaction of CTD with bS2 is marked by *.

2016b). As observed previously for the A type (Jenner et al, 2010;
Fischer et al, 2015), and as we recently described for the B type in
the vacant S. aureus ribosome (Khusainov et al, 2016b), protein
bL31 interacts with the 5S TRNA through its N-terminal domain, and

2078  The EMBO Journal Vol 36 | No 14| 2017

Dimerization of the C-terminal domain of SaHPF from two ribosomes within a dimer (map filtered at 2.0 SD using a Gaussian filter). Residues involved in hydrophobic

with h42 on the SSU through its C-terminal domain. Because we
obtained both unrotated and rotated conformations in the S. aureus
dimer, we can observe that the B-type bL31 accommodates subunit
dynamics in a similar manner to the A type, via its flexible linker

© 2017 The Authors



Iskander Khusainov et al  S. aureus hibernating ribosomes structure

90°

+

L1-stalk

Figure 4. Both unrotated and rotated ribosomes are found within dimers.

~ 354

The EMBO Journal

L1-stalk ‘

P L1-stalk

308
O Unrotated

. Rotated

50S
O Unrotated

@ Rotated

A Schematic representation of subunits movements within a disome (red contour, rotated state of the LSU, and the head of the SSU).
B Movement of the LSU from the unrotated to the rotated conformation. Vectors overlayed on the density map of the unrotated structure help visualize the direction
of the rotation, as well as its amplitude. Vectors were calculated by measuring the distance between phosphate atoms (for RNA) and between C-o atoms (for

proteins). For clarity, only one in three vectors is represented.

C The head of the SSU buckles away upon subunit rotation. Superimposition of the unrotated and rotated SSU, based on structural elements from the body only (red,

root-mean-square deviations > 3 A between the two sets of coordinates).

D Superimposition as in (B) but from looking toward the head of the SSU, and displaying the LSU as a surface. Inset, close-up on the relative orientation of bL31 in the

unrotated and rotated ribosomes (map filtered at 1 SD using a Gaussian filter).

between its N- and C-terminal domains. Our structure suggests that
SaHPF could bind to ribosomes independently from their unrotated
or rotated state.

Discussion

The 60-aminoacid CTD found in long variants of HPF is responsible
for ribosome dimerization in S. aureus. In both the “tight” and
“loose” dimers we observed by cryo-EM, the CTDs of ribosome-
bound SaHPF protrude out of the platform of the small subunit next
to uS2. The CTDs interact via electrostatic and hydrophobic inter-
actions, as we characterized in more detail using NMR. In the tight
disomes, additional interactions involve helix 26 (Figs 3A and B,
and 5A and B). Hence, the interface is markedly different between
100S from S. aureus and E. coli (Fig 6A and B). In the E. coli dimer,
ribosomes are closer to one another in space, and they interact prin-
cipally through the heads and platforms of the small subunits (Kato
et al, 2010; Ortiz et al, 2010). Prior to this work, no hibernation
factors had been described that directly mediated dimerization.
Structural differences at the interface likely account for reported
variations in dimer stability. The extensive network of non-covalent

© 2017 The Authors

interactions in the S. aureus 100S seems to be responsible for the
enhanced stability of dimers that are mediated by a long HPF rather
than a short HPF and RMF (Ueta et al, 2013). Whether the interac-
tions involving h26 in the “tight” dimer (Figs 3A and B, and 5A)
contribute to this higher stability is unclear. Other bacteria like
Thermus thermophilus possess a long HPF, although h26 in these
species is shorter (Sohmen et al, 2015; Khusainov et al, 2016b).
Because h26 is shorter by three base pairs in T. thermophilus, it could
not form the interactions we see in the S. aureus 100S, unless the two
ribosomes within the 100S from T. thermophilus were to tilt in order
to bring their respective h26 within interaction distance. Here, the
role of the flexible linker between the NTD and the CTD could be to
absorb the structural constraints induced on the interacting CTDs by
subunit rotation or tilting. In any case, it is possible that the interface
between ribosomes within a dimer would display distinctive features
across species containing a long HPF, according to the length of h26.
Due to their proximity to HPF, we cannot exclude that ribosomal
proteins such as uS2 would also participate in ribosome-ribosome
contacts within certain dimers. Overall, although dimer formation is
a way of responding to stress that is shared among bacteria, this
analysis suggests that the mechanisms of dimer formation and the
dimer architectures significantly vary across bacterial species.
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Figure 5. Structural variation between tight and loose disomes.
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A Molecular model of a tight disome, oriented as in Fig 2 (top). Close-up of the dimer interface, viewed from the bottom of panel (A) (bottom).
B Molecular model of a loose disome, with ribosome A oriented as in panel (A). Both disomes were reconstituted by placing the structure of the monomer into the
density map of the disome, using the body of the SSU as a reference. Only unrotated ribosomes are shown.

Shutting down translation by occupying functional binding sites
for tRNAs and initiation factors seems to be a conserved mode of
action among hibernation factors from various bacteria. Our struc-
ture shows that the NTD of SaHPF binds to the small subunit simi-
larly to its homologs EcHPF, EcYfiA, and a plastid-specific YfiA
(Vila-Sanjurjo et al, 2004; Sharma et al, 2010; Polikanov et al, 2012;
Bieri et al, 2017; Figs 7A and EV4). Requiring a single (as in
S. aureus) versus a combination of hibernating factors (as in E. coli)
could enhance bacteria’s timeliness in blocking translation and
enabling dimerization. In order to further assess this possibility, it
would be interesting to study binding kinetics and cooperativity of
the NTD and the CTD of long HPF versus those of short HPF and
RMF. On the other hand, a decrease in the number of factors
required for hibernation could indicate a more limited variability of
regulatory pathways.

Noteworthy, rotated and unrotated states of the ribosomes are
equally distributed within 100S from S. aureus, which suggests
that the intermediate states could be thermodynamically unfavor-
able in the absence of any translation factors and tRNAs. But the
question remains open as to whether the factor influences the
transition between these two stages, or binds to the pre-formed
conformations. Nevertheless, this observation suggests that the
mechanism of SaHPF binding to the ribosome is permissive
enough that it should not be affected by ribosomal movements
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inherent to translation. In any case, it would be interesting to
explore the relationship between translation arrest efficiency and
the types of ribosome conformations—or translation stages—
trapped within dimers, in particular by comparing the structures of
dimers from various species.

Large rearrangements of the subunit interface are coupled with
movements of the bridging protein B-type bL31, which are similar
to those described earlier (Jenner et al, 2010; Fischer et al, 2015).
This suggests that B-type bL31 is able to stabilize the two subunits
in a similar manner to A-type bL31, as well as to allow a plasticity
for their mutual movements. This interplay could be crucial for the
redistribution of ribosomes from hibernating to translationally
competent states, upon release of SaHPF and dissociation of 100S
ribosomes into free 30S and 50S subunits for canonical translation.
Alternatively, vacant 70S particles could, for example, be involved
in the translation of leaderless mRNAs, one of the beneficial mecha-
nisms of survival under stress (Moll & Engelberg-Kulka, 2012),
because this process does neither require a dissociation into individ-
ual subunits, nor a complete pool of translation factors (Moll et al,
2004). Therefore, we hypothesize that the presence of two extreme
states of subunit rotation within hibernating ribosomes is a hallmark
of their ability to be rapidly recruited for translation.

In bacteria, ribosome hibernation does not only shut down trans-
lation, but it also provides protection against antibiotics. For

© 2017 The Authors
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Figure 6. Overview of hibernation modes across bacteria.

A Ribosome hibernation in Staphylococcus aureus occurs upon binding of SaHPF-NTD to the SSU, while dimerization is mediated by interactions of SaHPF-CTDs.
Secondary contacts involve helix 26. Relative rotations of the subunits and head movements are indicated in this panel and panel (B).

B Ribosome hibernation in Escherichia coli involves three proteins. Simultaneous binding of ECRMF and EcHPF leads to the conformational change in the head of the
SSU, which in turn allows two ribosomes to interact via contacts between ribosomal proteins and rRNA (Kato et al, 2010; Ortiz et al, 2010). Hibernation can also
occur upon binding to the YfiA protein, which prevents binding of ECRMF due to its extended C-terminal tail, thereby not promoting dimer formation (Polikanov

et al, 2012).

Data information: CP, central protuberance; L1-st, L1-stalk; hd, head; bk, beak; bd, body; sp, spur; pt, platform.

example, E. coli cells deprived of their rmf gene were shown to
become more sensitive to gentamicin (McKay & Portnoy, 2015). Our
structure indicates that the NTD of SaHPF is in proximity to the
aminoglycoside binding site within helix 44, therefore probably
interfering with the flipping of the two adenines used in decoding
(Appendix Fig S2). Furthermore, upon binding to the small subunit,
the NTD of SaHPF occludes several antibiotic binding sites at the A
site (hygromycin B, tetracycline), P site (edeine), and E site (pacta-
mycin, kasugamycin; Fig 7B). Investigating the long-term survival
of S. aureus and other bacteria under antibiotic pressure could lead
to advances in antibiotherapy.

Because dimerization happens through contacts between the
CTDs, we may wonder about the mechanism for hibernation in
S. aureus. Does SaHPF exist in a free form in the cell, which would
be able to form dimers prior to binding to the ribosome? If that were
the case, would the two SaHPF molecules need to dissociate so that
ribosomes would dimerize? In S. aureus, a high expression level of
the SaHPF-coding gene during the exponential growth phase (Ruiz

© 2017 The Authors

de los Mozos et al, 2013) does not necessarily coincide with a high
ratio of 100S/70S ribosomes (Ueta et al, 2010). Hence, we could
assume that a large pool of free SaHPF would be present in the
exponentially growing cells.

This free SaHPF could be protected from unspecific binding to
the ribosome by post-translational modifications or by binding of
additional factors. The high A260/280 ratio we observed in the frac-
tion of SaHPF that was able to promote dimer formation could be in
support of binding of nucleic acids to the NTD, such as an oligonu-
cleotide or even a single nucleotide. The absence of nucleic acids in
the first fraction could have led to the formation of an unproductive
SaHPF.

There are still many open questions on the mechanism of SaHPF
binding and dimerization. Recently, SaHPF was found in the 30S
fraction during exponential growth of S. aureus (Basu & Yap, 2016).
This observation reflects the ability of hibernation factors to trap the
30S particles after recycling and before entering initiation stages
in vivo, albeit in that case with artificially elevated expression levels
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Figure 7. SaHPF promotes hibernation by preventing the binding of functional partners and antibiotics.

A The binding site of SaHPF overlaps with that of tRNAs and mRNA (magenta, surface rendering). tRNAs are superimposed from the structure of a 70S ribosome from
T. thermophilus (PDB ID 5E81; Rozov et al, 2016).

B Superimposition of ribosome bound to SaHPF and bacterial ribosomes bound to various antibiotics. Hyg B, hygromycin B (PDB ID 3DF1-4; Borovinskaya et al, 2008);
Tet, tetracycline (PDB ID 4G5K—N; Jenner et al, 2013); Ede, edeine (PDB ID 1195; Pioletti et al, 2001); Ksg, kasugamycin (PDB ID 2HHH; Schluenzen et al, 2006); Pct,
pactamycin (PDB ID 1HNX; Brodersen et al, 2000).

of SaHPF, which would bias the competition with tRNAs and trans-
lation factors for binding to the small subunit. Interestingly, upon
approaching the stationary phase, the preferential mechanism of
100S formation could be different. Thus, upon its translation, SaHPF
could immediately occupy the full 70S, which would be just rescued
from stalling, for example, by tmRNA, ArfA, or ArfB (see for review
Janssen & Hayes, 2012; Keiler, 2015), but not yet dissociated.
Whichever sequence of events lead to hibernation in bacteria
remains to be discovered, along with the mechanism for its regula-
tion. Our structural analysis is corroborated by a recently published
study from B. subtilis (Beckert et al, 2017) and represents one of the
first milestones toward unraveling the mechanism for ribosome
hibernation in S. aureus, which should help guide the development
of more selective treatments against this pathogen.

Materials and Methods
70S ribosome purification

70S ribosomes from S. aureus were obtained as described previously
(Khusainov et al, 2016b). In brief, two liters of S. aureus RN6390
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culture was grown at 37°C (180 rpm) in brain-heart infusion
broth (BHI) and harvested in early logarithmic phase (Aggo =
1.0 AU ml ). Cells were washed twice with 10 mM Tris—-HCI pH 7.5
and pelleted at 4,750 x g, and the cell pellet was frozen at —80°C.
A typical yield was 4.5-5.0 g of cells from 2 1 of cell culture.

For 5 g of cells, the pellet was re-suspended in 30 ml of buffer A
(20 mM HEPES-KOH pH 7.5, 100 mM NH,CI, 21 mM Mg(OAc),,
1 mM EDTA, 1 mM DTT), supplemented with the addition of
protease inhibitor cocktail, DNase I (Roche), and of 3.5 mg lysosta-
phin (Sigma-Aldrich), before being lysed at 37°C for 45 min. Cell
debris was removed by centrifugation at 30,000 x g for 90 min.

The supernatant was supplemented with 2.8% w/v PEG 20,000
(Hampton Research) for the first fractionation. The supernatant
was then recovered, and PEG 20,000 was increased to 4.2% w/v for
the second fractionation. The solution was then centrifuged at
20,000 x g for 10 min, and the ribosome pellet was resuspended in
35 ml buffer A and layered on 25 ml of a sucrose cushion (10 mM
HEPES-KOH pH 7.5, 500 mM KCl, 25 mM Mg(OAc),, 1.1 M sucrose,
0.5 mM EDTA, 1 mM DTT). Centrifugation was subsequently carried
out at 158,420 x g for 15 h using a Beckman Type 45 Ti rotor.

The pellet containing ribosomes was resuspended in buffer E
(10 mM HEPES-KOH pH 7.5, 100 mM KCl, 10 mM Mg(OAc),,
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0.5 mM EDTA, 1 mM DTT) up to a concentration of 7 mg ml~
0.5 ml was loaded onto 7-30% sucrose-density gradients and centri-
fuged at 38,694 x g for 15.5 h using a Beckman SW28 rotor. The
fractions corresponding to 70S particles were pooled, the concentra-
tion of Mg(OAc), was adjusted to 25 mM, and PEG 20,000 was
added to a final concentration of 4.5% w/v. Ribosomes were
pelleted by centrifugation at 20,000 x g for 12 min, the pellet was
gently dissolved in buffer G (10 mM HEPES-KOH pH 7.5, 50 mM
KCl, 10 mM NH,CI, 10 mM Mg(OAc),, 1 mM DTT) to a final
concentration of 25-30 mg ml™'. Aliquots of 30 ul were flash-frozen
in liquid nitrogen and stored at —80°C. A typical yield was
10-12 mg of ribosomes from 5 g of cells.

Isolation and purification of full-length SaHPF

Escherichia coli BL21 Star (DE3) cells (Invitrogen) were trans-
formed using a modified pGS21A vector (GenScript) containing
SaHPF (UniProt accession number D27Z097) followed by a His-
tag (comprising six histidines fused to the C-terminus). Cells
were grown in 6 | of Luria-Bertani (LB) broth in the presence of
100 mg/l ampicillin to a cell density (Agoo) of 0.3. For large-
scale protein production, IPTG was added up to 0.5-1 mM, and
induction proceeded for 4 h at 37°C. Cells were harvested and
stored at —80°C until use.

The SaHPF protein was purified according to a protocol modi-
fied from Ayupov et al (2016) and Polikanov et al (2012). 1 g of
cells was resuspended in 1.5 ml of buffer I (20 mM Tris-HCl pH
7.5 at 25°C, 100 mM NH4CI, 10 mM MgCl,); this suspension was
then lysed using a Constant Cell Disruption System (Constant
Systems Limited). Cell lysate was then centrifuged at 25,000 x g
for 30 min at 4°C following by high-speed centrifugation
150,000 x g for 30 min at 4°C. The supernatant was applied to a
pre-packed nickel-sepharose chromatography column (GE Health-
care) equilibrated in buffer I and containing 5 mM imidazole. The
column was extensively washed with equilibration buffer, and the
SaHPF protein was eluted using buffer I in the presence of
300 mM imidazole, pH 7.5. Next, size-exclusion chromatography
was performed using a Superdex 75 10/300 column (GE Health-
care) equilibrated in buffer II (10 mM HEPES-KOH (pH 7.5),
50 mM KCl, 10 mM NH,Cl, and 10 mM MgCl,). Two peaks
containing SaHPF were eluted, the first one corresponding to pure
SaHPF eluted at a position of ~50 kDa according to the calibra-
tion graph (Fig EV1B and H), while the second contained extra
absorbance at 260 nm and eluted near one column volume
(Fig EV1B, F, and H), even though it also contains SaHPF in a
dimeric form (Fig EV1C). The second peak, which was conducive
to dimer formation, was frozen in liquid nitrogen and stored at
—80°C until subsequent analysis.

Native PAGE of the fractions eluted from the gel filtration was
performed using a modified Laemmli protocol (Laemmli, 1970).
Running buffer (25 mM Tris, 0.192 M glycine), stacking buffer
(4.5% acrylamide:bis-acrylamide 29:1, Tris-HCl pH 6.8), and
resolving buffer (15% acrylamide:bis-acrylamide 29:1, 375 mM
Tris—HCI pH 8.8) were SDS-free. For sample preparation, each frac-
tion was mixed with an equal volume of 2x loading buffer (120 mM
Tris—HCl pH 7.5, 40% glycerol, 0.09% bromophenol blue, 20 mM
DTT) at room temperature (~20°C). This sample was then loaded
onto the gel, which ran for 60 min at 180 V. Proteins were stained
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overnight in 0.11% Coomassie brilliant blue made up in 25%
ethanol and 10% acetic acid. Gels were diffusion-destained by
repeated washing in a solution containing 25% ethanol and 10%
acetic acid.

Isolation and purification of CTD of SaHPF

The SaHPF-CTD construct (containing a methionine, residues 130—
190 of SaHPF, and a six-histidine tag) was cloned into a modified
pGS21A vector and expressed using E. coli Star (DE3) cells (Invitro-
gen) similarly to the full-length SaHPF. Uniform labeling with '°N
and '3C,'N was expressed in M9 minimal medium containing
1NH,4Cl and ["*C¢]-glucose as the sole sources of nitrogen and
carbon, respectively. Cells were dissolved in the lysis buffer (20 mM
Tris—HCI, 500 mM NH,CI, pH 7.6) supplemented with the addition of
1x of protease inhibitor cocktail (according to the recommendations
of the manufacturer; Roche), and of 60 U DNase I (Roche) for each
gram of cells. Cells were lysed using a Constant Cell Disruption
System (Constant Systems Limited) followed by affinity chromatog-
raphy using Ni-NTA agarose beads (Qiagen). The final step of size-
exclusion chromatography was performed using a Superdex 75 10/
300 column (GE Healthcare), equilibrated in different aqueous
buffers [phosphate-buffered saline (PBS) containing 90%
H,0 + 10% D,0; Tris—HCI with various concentration of NH,;Cl and
pH range 6.0-7.6]. The protein eluted as one pure peak, and no addi-
tional absorbance at 260 nm was observed. Peak fractions were
pooled, concentrated up to 2 mM using centrifugal Amicon Ultra
3,000 MWCO filters (Millipore), and used for NMR experiments
without freezing.

NMR characterization of CTD

The NMR investigation was done using 2 mM samples of non-
labeled, '3C,'*N-labeled, and '°N-labeled SaHPF-CD in PBS buffer
(pH 7.6) with 200 mM NH,CI. Isotope-edited (isotope-separated)
experiments allowed to detect 'H signals attached to '*C/'°N nuclei
and remove 2C/"*N-attached 'H signals for selective observation of
interactions between 'C/'°N isotope-labeled and unlabeled mole-
cules. NMR spectra were acquired at 35°C on a Bruker Avance 700
NMR spectrometer equipped with a cryoprobe. For direct observa-
tion of intermonomer NOEs from isotope filtering NMR experiments,
a mixture of non-labeled and '3C,'°N-labeled SaHPF-CTD in PBS
buffer was used at a 1:1 molar ratio.

NMR spectra were analyzed using CCPNMR (Vranken et al,
2005). The 'H, '3C, and '°N assignments were obtained from stan-
dard multi-dimensional NMR methods (Sattler et al, 1999),
CBCANH, CBCA(CO)NH, HNCA, HN(CO)CA, HN(CA)CO, HNCO,
for main-chain assignments, and C(CO)NH, H(CCO)NH (Clowes
et al, 1993) for side-chain assignments. Interproton distances were
derived from 2D 'H-'H NOESY for protein in 100% D,O, 3D '°N
edited NOESY-HSQC and 3D 'C edited NOESY-HSQC. Backbone
dihedral ¢ and | angles were derived from TALOS (Cornilescu et al,
1999). The intramonomer NOEs were obtained from isotope filtering
13C/°N - '2C/"N edited NOESY-HSQC.

The program Xplor-NIH was used for structural restraint collec-
tion (Schwieters et al, 2003). Individual structures were minimized,
heated to 1,000 K for 6,000 steps, cooled in 100 K increments to
50 K, each with 3,000 steps, and finally minimized with 1,000 steps
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of the steepest descent, followed by 1,000 steps of conjugate gradi-
ent minimization. A total of 100 structures were calculated and 10
with minimal energy were chosen. None of the 10 structures had
any violated nuclear Overhauser effect (NOE) distances. The lowest
energy structure among the ensemble was used as representative in
order to build a model for the CTD in the context of SaHPF bound to
the 70S.

Formation and purification of S. aureus 100S dimers

For the in vitro reconstitution of S. aureus 100S ribosomes,
1.3 nmole of purified 70S ribosomal particles was mixed with
13 nmoles of purified SaHPF, and the ionic conditions were
adjusted to those of buffer II, to a final volume of 1 ml. After
30 min of incubation at 37°C, the complex was layered onto
35 ml of 5-30% sucrose gradient with the same ionic condition
as the reaction (10 mM HEPES-KOH pH 7.5, 50 mM KCI, 10 mM
NH,Cl, and 10 mM MgCl,). After 15.5 h of centrifugation at
17,100 rpm (38,694 x g) at 4°C using a Beckman SW28 rotor, the
gradients were fractionated, while their profiles were recorded at
260 nm (A,g0). Fractions corresponding to 100S ribosomes were
pooled, dialyzed against buffer G (10 mM HEPES-KOH pH 7.5,
50 mM KCl, 10 mM NH,Cl, 10 mM Mg(OAc),, 1 mM DTT) and
concentrated using centrifugal Amicon Ultra 50,000 MWCO filters
(Millipore). Next, the ribosome solution was layered onto 11 ml
5-30% sucrose gradient in buffer G. After 15 h of centrifugation
at 27,783 x g at 4°C using a Beckman SW41 rotor, the gradients
were fractionated while their A,4, profiles were recorded. Frac-
tions number 4 and 5 that correspond to the pure 100S peak
(Fig 1B) were separately flash-frozen in liquid nitrogen and stored
at —80°C.

Stability analysis of 100S ribosome dimers from S. aureus

To analyze the stability of 100S ribosome dimers under high-salt
conditions, the sample was dialyzed in buffer II containing 500 mM
KCl. Thereafter, it was layered onto the two distinct 5-30% sucrose
gradients prepared in buffer II with either 50 mM KCIl or 500 mM
KCl. After 15 h of centrifugation at 15,000 rpm (27,783 x g) at 4°C
using a Beckman SW41 rotor, the gradients were fractionated while
their A,4o profiles were recorded.

Analytical ultracentrifugation

Experiments were conducted at 4°C using a Beckman Coulter
Proteome Lab XL-I analytical ultracentrifuge, with the eight-hole
Beckman An-50Ti rotor. The sample of 100S dimers was thawed,
diluted 10 times with buffer II to decrease the concentration of
sucrose, and concentrated to 1.0 A,qU ml ' using centrifugal
Amicon Ultra 50,000 MWCO filters. The sample (400 pl) was
loaded into one of the two quartz cuvettes of the centrifuge tube.
The reference cuvette was filled with 410 pl of buffer G. Sedimen-
tation at 20,644 x g was monitored by measuring the A,z and
A,go values, with scans taken every 4 min. The density and
viscosity of buffer II were calculated using the Sednterp software
(Laue et al, 1992), taking into account the presence of ~3% of
sucrose in solution. Data were analyzed using a c(s) model in
SEDFIT (Schuck, 2000).
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Electron microscopy of disomes

Grid preparation

4 pl of pure 100S [~0.075 mg ml™' concentration (20 nM)] was
applied to 400-mesh carbon-coated holey carbon Quantifoil 2/2
grids (Quantifoil Micro Tools; glow discharge time = 20 s), blotted
with filter paper from both sides for 1.5 s in a temperature- and
humidity-controlled Vitrobot apparatus Mark IV (FEI, Eindhoven,
the Netherlands, T = 4°C, humidity 100%, blot force 5, blot wait-
ing time 30 s), and vitrified in liquid ethane pre-cooled by liquid
nitrogen.

Image acquisition

Data were collected on the spherical aberration (Cs)-corrected Titan
Krios S-FEG instrument (FEI, Eindhoven, the Netherlands) operating
at 300 kV acceleration voltage, at a nominal underfocus of
Az = —0.6 to —4.5 pm using the second-generation back-thinned
direct electron detector CMOS (Falcon II) 4,096 x 4,096 camera and
automated data collection with EPU software (FEI, Eindhoven, the
Netherlands). The Falcon II camera was calibrated at a nominal
magnification of 59,000x. The calibrated magnification on the
14 pm pixel camera was 127,272x, resulting in 1.1 A pixel size at
the specimen level. Frames 2-8 out of 17 possible were collected
and used for image processing. Total exposure was 1 s with a dose
of 60 &/A? (or 3.5 &/A? per frame).

Image processing

A framework for image processing employing several software
packages (de la Rosa-Trevin et al, 2016) was used to obtain the 3D
reconstruction of the S. aureus 100S. Before particle picking, seven
frames in the stack were aligned using the Optical Flow algorithm
integrated in Xmipp3 (de la Rosa-Trevin et al, 2013). Then, an
average image of the whole stack was used to determine the
contrast transfer function by CTFFIND4 (Rohou & Grigorieff, 2015)
and to select particles semi-automatically in SCIPION (Abrishami
et al, 2013). Particle picking and extraction were performed using
Xmipp3, focusing either on the full 100S particles or on each 70S
ribosome of a dimer. Particle sorting was done first by 2D classifi-
cation using RELION, followed by extensive 3D classification using
RELION (Scheres, 2012). The resulting two major classes were as
follows: “tight” or “loose” disomes for particles extracted with
large box (640 x 640 x 640 A), and unrotated or rotated mono-
somes for particles picked with small box size (340 x 340 x
340 A). To clarify whether disomes were composed of two unro-
tated or two rotated ribosomes, or a combination of both, we
performed the refinement by focusing on one ribosome within the
dimer, followed by additional 3D classification with large shift
increments focused on the same ribosome. This resulted in equal
distribution of unrotated and rotated ribosomes within the disomes
(Fig EV2). All classes were refined using RELION’s 3D autorefine
function, and the final refined classes were then post-processed
using the procedure implemented in RELION, which applies appro-
priate masking, B-factor sharpening, and resolution validation to
avoid over-fitting (Scheres, 2012). The average resolution was
~3.7 A for both rotated and unrotated monosomes and ~9-11 A for
“loose” and “tight” disomes, respectively (Fig EV2). The resolution
of the other classes ranged from 10 to 15 A (Fig EV2). Determina-
tion of the local resolution of the final density maps for tight and
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loose disomes, as well as unrotated and rotated ribosomes, was
performed using ResMap (Kucukelbir et al, 2014).

Map fitting and model refinement

SaHPF was initially modeled by the Swiss-Model webserver (Biasini
et al, 2014), using the following structures as templates: E. coli YfiA
(PDB ID 1N3G, 4Y40) for the N-terminal domain (Rak et al, 2002;
Polikanov et al, 2015), and Clostridium acetobutylicum ribosome-
associated protein Y (PDB ID 3KAS; Northeast Structural Genomics
Consortium target ID: CaR123A, http://sbkb.org/pdbid/3ka5), as
well as Listeria monocytogenes Lmo2511 protein (PBD ID 3K2T;
Northeast Structural Genomics Consortium target ID: LkR84A,
http://sbkb.org/pdbid/3k2t) for the C-terminal domain. The atomic
model of SaHPF-NTD was traced from Phe4 until Arg95 and fitted it
its density in the 70S-SaHPF structure.

Real-space refinement in Phenix (Adams et al, 2010; Afonine et al,
2013) was performed using our vacant 70S structure (Khusainov et al,
2016b) as a template. Mobile ribosomal elements, such as the L1-stalk,
the L7/L12-stalk, and 23S rRNA helix 69, as well as SaHPF-NTD, were
set up as rigid bodies for the first cycle of refinement. Following eight
steps of real-space refinement included simulated annealing (starting
temperature = 800 K) and global minimization taking into account
RNA and protein secondary restraints  (search_
method = from_ca). RNA geometry and fit in density were improved
by running Erraser within Phenix (Chou et al, 2013; Jain et al, 2015),
for rRNA fragments of ~990 nt that overlapped by 2-4 nt. Model and
map were inspected and adjusted in Coot (Emsley & Cowtan, 2004),
using tools for real-space refinement, geometry regularization, and
morphing. Final minimization of coordinates was carried out in Phenix
(global minimization with hydrogen atoms), with secondary structure
restraints (search_method = cablam). For model validation, we used
the MolProbity webserver (Chen et al, 2010) and model-to-map corre-
lation statistics from Phenix.

structure

Structural analysis

Vectors between the backbone atoms of the unrotated and rotated
LSU were calculated and rendered in Pymol using the modevec-
tors.py script (author: Sean M. Law; available from https://pymolwi
ki.org/index.php/Modevectors). Root-mean-square deviations (RMSD,
in A) between the unrotated and rotated SSU were calculated in
Pymol v. 1.8.0.5 (Schrddinger) using the colorbyrmsd.py script
(authors: Shivender Shandilya, Jason Vertrees, Thomas Holder;
available from https://pymolwiki.org/index.php/ColorByRMSD).
Superimpositions of SaHPF-bound ribosomes and ribosomes bound
to tRNAs or antibiotics were performed in Chimera (Pettersen
et al, 2004).

Accession numbers

Coordinates of the three-dimensional structure and cryo-EM map
were deposited to the EMDB and PDB with accession numbers:
EMDB ID: EMD-3638 (tight 100S); EMD-3639 (loose 100S); EMD-
3624, PDB ID 5NDS8 (hibernating ribosome in unrotated state); EMD-
3625, PDB ID 5ND9 (hibernating ribosome in rotated state); PDB ID
SNKO (CTD-SaHPF), BMRB ID 34120 (CTD-SaHPF). Additionally,
PDB files of in silico reconstituted tight 100S disomes in rotated and
unrotated states are provided as Datasets EV1 and EV2, respectively.

© 2017 The Authors

The EMBO Journal

Supplementary datasets

Atomic coordinates of reconstructed 100S disomes are deposited as
four pdb files of 70S ribosomes. They are combined into two data-
sets representing the 100S tight disome in its rotated state (Dataset
EV1A and B), and the 100S tight disome in its unrotated state
(Dataset EV2A and B).

Expanded View for this article is available online.
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